flocs (Dominiak et al. 2011) . There is also circumstantial evidence that eDNA is present in dental plaque. For example, photochemical cross-linking of eDNA with propidium monoazide reduced the concentration of PCR-amplifiable Streptococcus mutans DNA in dental plaque by approximately 3-fold, indicating that only one-third of S. mutans DNA was protected within viable cells (Yasunaga et al. 2013 ). eDNA has been directly observed in mono-species S. mutans biofilms and is actively released from cells via membrane vesicles (Liao et al. 2014) . Systems for the uptake and incorporation of free DNA are widely present in oral bacteria including Streptococcus spp. and Porphyromonas spp., indicating that these microorganisms are exposed to eDNA at times within their natural environments (Tribble et al. 2012; Jakubovics et al. 2014) . Indeed, there is extensive evidence from genome sequences that DNA has been horizontally transferred between oral bacteria (Do et al. 2011) .
We have recently shown that extracellular matrix material is abundant in subgingival dental plaque in the form of strands and meshwork structures that appear similar to "yarn-like" threads and eDNA lattice structures, or "sweaters" observed within in vitro Enterococcus faecalis biofilms (Barnes et al. 2012; Holliday et al. 2015) . Here, we aimed to visualize eDNA in natural oral biofilm samples using specific antibodies and an ultrasensitive dye. In addition, the possible structural role of eDNA was assessed in model dental plaque biofilms.
Materials and Methods
Detailed methods are given in the Appendix.
Clinical Specimen Collection
Study participants were recruited from the periodontology consultation clinics of the Newcastle Dental Hospital. Ethical approval was obtained from the Yorkshire and Humber Research Ethics Committee (Reference 14/YH/0145). Dental implants and periodontally affected teeth were stored in phosphate-buffered saline (PBS) for up to 3 h after collection. Teeth were sectioned using a dental air turbine hand piece under water cooling. Saliva was collected as described by Nance et al. (2013) . In brief, parafilm-stimulated whole saliva was collected on ice from at least 5 healthy adults who were nonsmokers, had not consumed food or hot drinks for 2 h, and had not taken antibiotics for at least 2 wk prior to donation. Individual saliva samples or pooled saliva was mixed with glycerol in a 3:1 ratio within 2 h of collection and stored at −80 °C.
Routine Culture of Bacteria and Biofilm Growth
E. faecalis JH2-2 was routinely grown in BHY (37 g/L Brain Heart Infusion and 5 g/L yeast extract, Melford). Microcosm biofilms were inoculated with human saliva, diluted 1:100 in artificial saliva (Pratten 2007) . In some cases, glucose in the artificial saliva was replaced with 2% (w/v) sucrose. Biofilms were cultured statically on plastic or glass surfaces (see Appendix) for 24 h at 37 °C either aerobically (with sucrose) or anaerobically.
Production and Purification of NucB
Recombinant NucB from B. licheniformis DSM13 was produced in Bacillus subtilis NZ8900 using the SURE expression system as previously described (Nijland et al. 2010 ) and purified as described in the Appendix.
Fluorescence Staining
Biofilms were rinsed with PBS prior to fluorescence staining. To stain eDNA, immunofluorescent labeling was performed as described by Barnes et al. (2012) . Alternatively, biofilm-harboring substrata were incubated with 2.4 nM YOYO-1 (Life Technologies) for 10 min at 20 °C. Bacterial cell membranes were stained with 1 µg/mL Nile Red (Sigma-Aldrich) or with 2.9 µg/mL FM5-95 (Life Technologies). Microcosm biofilms were stained with Live/Dead BacLight (Molecular Probes). Biofilms were visualized by confocal laser scanning microscopy (CLSM) or by epifluorescence microscopy (see Appendix).
Scanning Electron Microscopy
Samples for field emission scanning electron microscopy (FESEM) imaging were fixed in 2% (w/v) glutaraldehyde in Sorenson's Phosphate buffer and dehydrated through a series of ethanol (Holliday et al. 2015) . A FEI Helios NanoLab Dual Beam MK 2-field emission microscope was used for imaging as previously described (Holliday et al. 2015) .
NucB Treatment of Biofilms
To assay the inhibitory effects of NucB on biofilm growth, 5 µg/mL crude or purified NucB was included with the growth medium during biofilm formation. Alternatively, 5 µg/mL NucB in 50 mm Tris-HCl (pH 8.0) was added to biofilms after growth and incubated at 37 °C for 1 h. Biofilms were quantified by crystal violet staining (see Appendix). All assays were performed in triplicate, and the results shown are the mean and standard errors from 3 independent experiments. Statistical significance of differences between groups was assessed by one-way ANOVA with Tukey's post hoc tests.
DNA Extraction and Microbial Population Analysis
For microbial population analysis, biofilms were cultured on the surface of 6-well plates in the presence or absence of purified NucB (see Appendix). DNA was extracted using the MasterPure Gram Positive DNA Purification Kit (Epicentre Biotechnologies) as described previously ). Next-generation sequencing was performed on an Illumina MiSeq platform by MR DNA. See Appendix for more details.
Results

Visualization of eDNA in E. faecalis Biofilms
Techniques for visualizing eDNA were initially developed using E. faecalis biofilms, since these are well-known to contain extensive eDNA (Barnes et al. 2012) . Biofilms were grown on glass coverslips and eDNA was visualized using fluorophore-conjugated anti-DNA antibodies. Using CLSM, eDNA was noted to be concentrated in punctate foci protruding from the base of the biofilm to the surface (Fig. 1A) . These bright foci were consistently found throughout the biofilm, suggesting that eDNA was present within the matrix. There was no staining in the absence of either primary or secondary antibody (data not shown). To visualize eDNA in viable (unfixed) biofilms with minimal sample processing, the ultrasensitive cell-impermeant fluorescent DNA dye YOYO-1 was used. With this approach, eDNA appeared as web-like structures localized outside the cells (Fig.  1B) . A few bright foci were also observed within biofilms. To obtain increased resolution, biofilms were gently harvested by scraping and placed onto agarose pads for visualization by epifluorescence microscopy (Fig. 1C ). In these images, E. faecalis cells were surrounded by eDNA. YOYO-1 staining was almost always restricted to the outside of the cells, and YOYO-1 staining appeared similar to that in intact biofilms ( Fig. 1B ). To ensure that YOYO-1 was specifically staining eDNA, biofilms were treated with the DNase enzyme NucB prior to staining (Fig. 1C , lower panels). Using quantitative image analysis, we noted that the YOYO-1 signal was significantly decreased by more than 70% after NucB treatment (P < 0.05). 
eDNA in Salivary Microcosm Models of Dental Plaque
To assess immunofluorescence and YOYO-1 staining for the detection of eDNA in mixed-species biofilms, microcosms of human salivary bacteria were cultured anaerobically in vitro on glass coverslips as a model of subgingival dental plaque growing in the low oxygen environment of periodontal pockets. Once again, immunofluorescence labeling showed punctate areas of bright green fluorescence, indicative of eDNA, throughout the biofilm ( Fig.  2A) . Staining with YOYO-1 also gave rise to punctate green fluorescence colocalized to areas of cells ( Fig. 2B) . At higher resolution, the majority of the YOYO-1 stain was clearly outside the cells (Fig. 2C ). Similar to E. faecalis biofilms, there were a few very bright regions that appeared to represent intracellular YOYO-1 dye.
eDNA in Dental Plaque from Ex Vivo Specimens
Samples of natural plaque from extracted teeth and implants were collected from periodontology clinics for eDNA analysis. Using FESEM, it was shown that tooth samples contained extensive subgingival dental plaque (Fig. 3A ). Biofilms consisted of many different microbial cells with distinct morphologies surrounded by extracellular material (Fig. 3A, i) . Interestingly, numerous cells appeared to have holes in their walls while being held in place by matrix material (Fig. 3A , ii). The matrix also included many small vesicle-like structures (Fig. 3A, iii) .
Direct fluorescence visualization of biofilms on extracted teeth and implants was not possible due to the uneven nature of the substratum and excessive autofluorescence from the substratum material. Therefore, biofilms were harvested by scraping and visualized under high-resolution epifluorescence microscopy. Biofilms were detected on provisional resin composite crowns and overdenture abutments recovered during the restorative phase of implant treatment (Fig. 3B ). In general, biofilms on implant crowns were more abundant and appeared to harbor more bacteria than those on overdenture abutments. Nevertheless, using YOYO-1, eDNA was clearly visible in both types of biofilm. Subgingival dental plaque on the surface of teeth extracted for periodontitis contained many different cell morphologies along with extracellular material that was stained with YOYO-1 (Fig. 3C) . Treatment with NucB reduced the extent of green staining dramatically, supporting the notion that YOYO-1 specifically stains eDNA.
Importance of eDNA for Biofilm Structure
Initially, the activity of NucB against microcosm biofilms was assessed using crude NucB preparations. Saliva from 6 different volunteers was used as the source of microbial inoculae and biofilms were cultured either aerobically in 2% sucrose as a cariogenic biofilm model, or anaerobically to mimic the low oxygen tension of the periodontal pocket environment. Inhibition of biofilm formation was assessed by including NucB during biofilm growth. Alternatively, dispersal of pre-formed biofilms was monitored by incubating preformed biofilms with NucB. No aerobic, sucrose-grown biofilms were inhibited in the presence of NucB and only one biofilm was significantly dispersed (Fig. S1 ). In several cases, anaerobically cultured biofilms were significantly inhibited or dispersed by NucB (data not shown). To ensure that impurities in the enzyme preparation were not responsible for the observed effects on anaerobic biofilms, NucB was purified by sequential chromatography. Purified NucB had DNase activity but no detectable RNase or protease activity (Fig. S2 ). Incubation with NucB significantly (P < 0.05) reduced biofilm growth in the microcosms from 4 distinct salivary inoculae and from pooled saliva (Fig. 4A, B) . Treatment of preformed biofilms with NucB resulted in much smaller reductions in biofilm biomass that were not statistically significant (Fig. 4B) .
To determine whether NucB selectively excluded certain micro-organisms from biofilms, DNA was extracted from biofilms cultured in the presence or absence of NucB and analyzed by next-generation sequencing. The microbial load was much lower in the presence of NucB (Fig. 5) . The bacterial diversity within each sample (alpha diversity) was significantly reduced in NucB-treated biofilms compared with controls ( Fig. S3 ). Control samples formed a discrete cluster by principle co-ordinates analysis that was clearly separate from NucB-treated samples (Fig. S4 ). Sixteen genera were present at >1% of the total reads (Fig. 5A) . Following NucB treatment, the proportions of all genera except Actinomyces, Aggregatibacter, and Fusobacterium were significantly changed (P < 0.05). Populations cultured in the presence of NucB were enriched in Streptococcus and Veillonella spp., whereas Haemophilus, Neisseria, Peptostreptococcus, Porphyromonas and Prevotella were dramatically reduced with NucB treatment. Haemophilus parainfluenzae was the most abundant species in the absence of NucB (18% of the population), but was reduced by an order of magnitude in NucB-treated biofilms. Neisseria subflava was Figure 3 . Identification of eDNA within natural plaque found on the surface of ex vivo specimens. (A) Field emission scanning electron microscopy (FESEM) images of dental plaque found on the surface of a tooth extracted due to periodontitis that showed a multispecies microbial community. (i) Mesh-like structures of extracellular material are apparent (arrow). (ii) Ruptured cells surrounded by matrix material. Asterisks highlight cells that appear to have a hole in their walls. (iii) Vesicles appear on the surfaces of many cells throughout the biofilm (dashed square). (B) Visualization of eDNA with YOYO-1 (green) in cells harvested from supragingival (provisional resin composite crowns; top panel) or subgingival (overdenture abutments of dental implants; lower panel) regions of dental implants recovered during the restorative phase of implant treatment. FM5-95 membrane stain was used to highlight cell boundaries (red). (C) YOYO-1-and FM5-95-stained subgingival dental plaque isolated from the surface of an extracted tooth from a periodontal patient. Staining shows the presence of eDNA. Treatment of the dental plaque with NucB prior to staining decreased the eDNA signal (green). also reduced by NucB treatment, from 11% to 1% of the total population. By contrast, Streptococcus salivarius, Streptococcus parasanguinis, Veillonella parvula and Veillonella dispar were proportionally increased in populations treated with NucB ( Fig. 5B ).
Discussion
Exopolysaccharides in cariogenic dental plaque have been the subject of intense research over many decades (Koo et al. 2013 ). However, the composition of matrices of noncariogenic oral biofilms is relatively poorly understood. Oral streptococci such as Streptococcus gordonii, Streptococcus sanguinis and S. mutans produce eDNA in laboratory mono-cultures (Kreth et al. 2009; Liao et al. 2014) . Here, eDNA was also detected in mixed-species oral biofilms including subgingival dental plaque and plaque on the surface of the provisional resin composite crowns and overdenture abutments of dental implants. We propose that eDNA is likely a ubiquitous component of biofilms throughout the oral cavity.
Ideally, techniques to visualize eDNA in natural biofilms should be nondisuptive and highly specific. Recently, FESEM has been applied in combination with anti-DNA antibodies or DNase enzymes to show the structure of eDNA in E. faecalis or S. mutans biofilms (Barnes et al. 2012; Liao et al. 2014) . eDNA appeared as long strands, described as 'yarn-like' structures, or in web-like mats likened to 'sweaters' (Barnes et al. 2012) . We have observed both yarn-like and sweater structures in the matrices of subgingival dental plaque using FESEM. Despite numerous attempts, we were not able to label these with specific anti-DNA antibodies in conjunction with FESEM (Holliday et al. 2015) . Therefore, we have developed fluorescencebased methods to stain eDNA in natural biofilms. Using these techniques, eDNA was detected in all biofilms that were studied here.
High-resolution images showing eDNA surrounding cells were obtained by gently scraping the biofilms and transferring them to agar pads. In optimization experiments on model, singlespecies or microcosm biofilms, no qualitative differences were observed in the amount of eDNA present in intact biofilms compared with harvested biofilms. In addition, eDNA appeared closely localized around cells in both intact and harvested model biofilms. Therefore, apparently harvesting biofilms did not dramatically alter the nature of the eDNA. Treatment of biofilms with NucB significantly reduced eDNA but did not completely eliminate it. It is possible that eDNA was protected to some extent by binding to protein or carbohydrates. Previous studies have shown that eDNA produced by oral bacteria including S. gordonii and Porphyromonas gingivalis associates with DNA binding proteins such as DNAIIB (Rocco et al. 2016) . In Staphylococcus aureus, beta toxin becomes covalently linked to eDNA, forming a nucleoprotein matrix (Huseby et al. 2010) . The Pseudomonas aeruginosa polysaccharide Pel cross-links eDNA by ionic interactions (Jennings et al. 2015) and, in the presence of neutrophils, eDNA is apparently protected from DNase digestion by association with F-actins or histones (Parks et al. 2009 ). It is possible that similar mechanisms occur in oral biofilms. Alternatively, it is possible that extracellular proteases in mature biofilms may have degraded NucB. Work is ongoing to identify the fate of NucB following its addition to biofilms.
In all samples studied here, there was evidence that YOYO-1 occasionally entered cells. It is likely that these cells were compromised, since YOYO-1 does not cross intact membranes (Pham et al. 2011) . In fact, FESEM images showed that some cells in the biofilm were open at one pole, and likely would not have excluded dyes. Indeed, it is possible that controlled cell lysis may be a mechanism for the release of DNA into the biofilm matrix. In E. faecalis, cell lysis is actively induced in a proportion of the population as a mechanism for releasing DNA into the surrounding milieu (Thomas et al. 2009 ). More recently it has been shown that subpopulations of P. aeruginosa undergo explosive cell lysis, releasing DNA either in free form or encapsulated within membrane vesicles (Turnbull et al. 2016) . Membrane vesicles were also observed in our FESEM images, and these may have been the remnants of explosive cell lysis. It is possible that eDNA may also enter the biofilm without cell lysis, as has been demonstrated in E. faecalis and S. gordonii mono-cultures (Itzek et al. 2011; Barnes et al. 2012) . Neisseria gonorrhoaea releases DNA through a type IV secretion system (Hamilton et al. 2005) , and homologues may be present in oral bacteria. We are currently developing methods to purify eDNA without lysing bacterial cells to investigate the size and sequence of eDNA fragements within natural oral biofilms.
Using the DNase enzyme NucB, it was shown that eDNA plays an important structural role during the formation of oral biofilms. Biofilms cultured aerobically in sucrose were relatively insensitive to NucB, presumably because extracellular polysaccharides stabilized the matrix (Koo et al. 2013 ). Preformed biofilms cultured anaerobically were also not significantly reduced by NucB treatment. By contrast, the formation of anaerobic biofilms was strongly inhibited in the presence of NucB (Fig. 4) . The sensitivity of anaerobic biofilms to DNase treatment is similar to that observed in mono-species P. aeruginosa biofilms, which are sensitive to DNase I only during the early stages of biofilm formation (Whitchurch et al. 2002) . It is possible that eDNA is important during the initial stages of attachment and colonization. Alternatively, eDNA may become resistant to DNase enzymes during biofilm maturation by forming complexes with other macromolecules.
Interestingly, we observed species-specific effects of NucB during initial colonization of oral biofilms and the microbial diversity in biofilms was significantly reduced by NucB treatment. To our knowledge, this is the first demonstration that DNase treatment can cause marked shifts in the microbial composition of mixed-species oral biofilms. In vitro, biofilms formed by different species and even different strains within a species show marked differences in their sensitivities to DNase enzymes (Lappann et al. 2010; Shields et al. 2013) . It is notable that well-known pioneer colonizers of dental plaque, such as streptococci and veillonellae, were enriched in biofilms grown in the presence of NucB. Pioneer colonizers produce cellsurface adhesins that recognize protein or glycoprotein receptors in the salivary pellicle and mediate adhesion to tooth surfaces (Nobbs et al. 2011) . Therefore, these species may be less Figure 5 . Microbial population shifts caused by the presence of NucB during growth. (A) Sixteen genera were present at >1% of the population in control (untreated) samples. Treatment with NucB reduced the total microbial population and shifted the composition of different genera. To facilitate comparisons with the control, normalized data are shown on the right. These were obtained by multiplying all 'NucB-treated' values by a constant so that the total number of reads was the same as the control. (B) Proportions of the major species present in control samples (red circles) or NucB-treated samples (blue circles). Circles represent mean values from 3 independent experiments and 95% CIs are shown. Red asterisks indicate species that were present in significantly different proportions following NucB treatment as compared with controls. reliant on eDNA for adhesion than later colonizers. By selectively targeting certain species, NucB may reduce the capacity for synergistic interbacterial interactions or for the establishment of gradients of nutrients or oxygen, which are essential for biofilm development and maturation. Consequently, the addition of NucB during dental plaque formation may have profound effects on the overall biofilm structure.
In summary, this study provides clear evidence that eDNA is present in oral biofilms including plaque on natural teeth and dental implants. eDNA represents a potential target for biofilm control and for the exclusion of potential pathogens from plaque. Our data indicate that DNases may be more effective for controlling biofilms in areas of low oxygen tension, such as subgingival dental plaque, than for cariogenic supragingival plaque formed from a high-sugar diet, which is characterized by an abundance of exopolysaccharides. Human DNase I is already used for the treatment of cystic fibrosis, demonstrating that DNases may have potential for biofilm control within the human body. Further studies are now required to determine the role of eDNA in the struture and stability of mature oral biofilms, and to assess the potential for DNase enzymes to be used in oral healthcare applications.
